Indospicine is a natural toxin occurring only in Indigofera plant species, including the Australian native species I. linnaei. These perennial legumes are resistant to drought and palatable to grazing livestock including cattle. Indospicine accumulates in the tissues (including muscle) of animals grazing Indigofera and these residues persist for several months after exposure. Dogs are particularly sensitive to indospicine with reports in past decades of hepatotoxicosis and mortalities in dogs after dietary exposure to indospicine-contaminated horse and camel meat. The risk for human consumption is not known, and the current study was undertaken to assess indospicine levels in cattle going to slaughter from divergent regions of Western Australia, and to predict the likelihood of significant residues being present. Muscle and corresponding liver samples from 776 cattle originating from the Kimberley and Pilbara Regions in the tropical north of the state, where I. linnaei is prevalent, and 640 cattle from the South West and South Coast Regions in the temperate south west of the state, where the plant is not known to occur, were collected at abattoirs over four seasons in 2015-2017. Indospicine levels were measured by LC-MS/MS and ranged from below detection to 3.63 mg/kg. No indospicine residues were detected in any of the animals originating from the South West and South Coast Regions. Prevalence of indospicine residues in cattle from the Kimberley Region was as high as 33% in spring and 91% in autumn, with positive animals being present in most consignments and on most properties. The average prevalence of indospicine residues from the Kimberley and Pilbara Regions throughout the survey period was 63%. @Risk best fit probability distributions showed ninety-fifth percentile (P95) indospicine concentrations of 0.54 mg/kg for muscle and 0.77 mg/kg for liver in cattle originating from the Kimberley and Pilbara Regions during the survey period. When considered with average Australian meat consumption data, the estimated consumer exposure from this P95 muscle was 0.32 μg indospicine/kg bw/day, which compared favourably with our calculated provisional tolerable daily intake (PTDI) of 1.3 μg indospicine/kg bw/day. However canine exposure is of potential concern, with active working dog exposure calculated to exceed this PTDI by a factor of 25, based on a P95 indospicine concentration of 0.54 mg/kg in muscle.
Introduction
Indospicine (Fig. 1) is a hepatotoxic analog of arginine found only in Indigofera plant species, perennial legumes that occur in Australia and elsewhere in the tropical world (Fletcher et al., 2015) . Due to the evident structural similarity, indospicine has the potential to interfere with a range of mammalian arginine metabolic pathways, and has been demonstrated experimentally to cause both liver degeneration (Hegarty and Pound, 1970) and also teratogenic and embryo-lethal effects (Pearn and Hegarty, 1970) . It has been shown to interfere with hepatic protein metabolism, producing fat accumulation and cytological changes in the liver (Christie et al., 1969 (Christie et al., , 1975 .
Indospicine is unusual in that it accumulates as the free amino acid in body tissues of livestock consuming these legumes. These residues do not readily deplete and persist for several months after exposure (Fletcher et al., 2018; Tan et al., 2016a) . Dogs are particularly sensitive to the hepatotoxic effects of this natural toxin, and in Australia domestic canine fatalities have occurred from the consumption of https://doi.org/10.1016/j.toxicon.2019.03.007 Received 22 February 2019; Accepted 11 March 2019 indospicine-contaminated horse and camel meat (FitzGerald et al., 2011; Hegarty et al., 1988) . Indospicine is resistant to cooking but does degrade under thermo-alkaline conditions (Tan et al., 2016c) . Such treatments may have application in pet food production but are not readily applicable within the human diet and the potential for human dietary exposure remains of concern.
There are approximately 50 native and 10 naturalized exotic species of Indigofera distributed across Australia, but of these only the native I. linnaei and the naturalized I. spicata are reported to contain appreciable levels of indospicine (Tan et al., 2016b) . Both species are considered perennial plants and are highly palatable to grazing livestock. The distribution of I. spicata is limited to tropical and sub-tropical coastal regions of Queensland and the Northern Territory, but I. linnaei has widespread distribution across the northern half of Australia (Fig. 2) . It occurs across diverse landscapes, including the most arid regions of Australia, and with a thick taproot typically dies off in dry winter months, and is then one of the first plants to reshoot after the first spring/summer rain (Gracie et al., 2010) . The indospicine content of this species was found to be highly variable, differing across both regions and seasons (Tan et al., 2016b) . Most notably, new growth following spring rain was found to have significantly higher indospicine content than later growth following more substantial summer rain. Cattle grazing this new I. linnaei spring/summer growth would therefore be expected to have a higher indospicine exposure than cattle grazing pastures later in the season, when other pasture plants would be more abundant and the indospicine content of I. linnaei would also be lower.
Western Australia is the largest state of Australia and is divided into 12 generalized regions based on geography and agricultural use (Goulding, 2014) (Fig. 3) . The Kimberley and Pilbara Regions are in the tropical north of the state and receive predominantly summer rainfalls. Herbarium records indicate that I.linnaei is widely distributed across these two regions ( Fig. 2B ) and cattle grazing here would have significant seasonal exposure to this plant species. By comparison, the south west of the state (South West and South Coast Region) has a temperate climate and receives predominantly winter rainfall, and herbarium data indicates that this area is free of both I. linnaei and I. spicata (Fig. 2) .
These diverse regions presented an opportune situation in which to assess the seasonal risk of indospicine residues being present in tissues of slaughtered cattle that had grazed regions in which I. linnaei is prevalent. An abattoir survey was undertaken during 2015-2017 to determine the risk of indospicine being present in both muscle and liver samples, across both spring and autumn seasons. To correlate the relative risk with I. linnaei prevalence, consignments originating from the Kimberley and Pilbara Regions were compared with consignments from the south west of the state.
Materials and methods

Indospicine standards
Synthesized indospicine and D 3 -L-indospicine (deuterium-labelled internal standard, >99% pure) were provided by Prof. James De Voss (Goulding, 2014) . G. Netzel, et al. Toxicon 163 (2019) [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] and Dr. Robert Lang, The University of Queensland (Lang et al., 2016) .
Abattoir consignments
The abattoir survey was conducted over three calendar years from spring 2015 until autumn 2017. Suitable consignments were selected on the basis that cattle must have been grazed on the property of origin during the previous wet season, and be in a consignment of 15 or more animals. Consignments were designated as 'spring' for slaughter dates within the period 1 August to 30 November and 'autumn' for 1 March to 31 July. No consignments were sampled December to February as this period represents the rainy season in the Kimberley and Pilbara Regions, and for logistical reasons animals are not sent to abattoir during this period.
Cattle consignments from the Kimberley and Pilbara Regions (Fig. 3) were road transported for slaughter at one of three abattoirs in southern Western Australia as part of normal property practice. A new abattoir commenced operation near Broome in the Kimberley Region in 2017, and Kimberley cattle slaughtered here were also included to ensure the required number of consignments from this region were examined. During two seasons (autumn and spring 2016) a small number of consignments of cattle originating from Pilbara properties (Fig. 3) were also opportunistically sampled. Suitable consignments of control (low risk area) cattle from the South West and South Coast Regions (Fig. 3) were also sampled across all four sampling seasons at one of the three abattoirs in southern Western Australia.
Abattoir sampling
Fifteen animals were selected at random for sampling in each suitable consignment. Skirt (diaphragm) muscle (ca. 50 g) and liver (ca. 50 g) from the ventral lobe of the liver were collected from each animal into separate containers. A small section of the ventral lobe of the liver was also placed into 10% buffered formalin solution, for Kimberley cattle only. The formalin-fixed liver samples were held at room temperature, and transported to Perth for histopathology examination (conducted only on selected samples).
All fresh samples were placed on ice at the abattoir, and then frozen (<−15°C) as soon as possible; usually within 4 h. The frozen samples collected in Broome were airfreighted to join the other samples collected in southern Western Australia. All fresh samples were trucked frozen in a single shipment for each season from Western Australia to the University of Queensland in Brisbane for indospicine analysis. Electronic temperature tags were included with each shipment to ensure the samples were kept frozen at all times during transport.
Indospicine extraction and analysis
Indospicine analysis of both muscle and liver samples was performed according to the published liquid chromatography-tandem mass spectrometry procedure (Tan et al., 2014) with minor modification. Finely chopped muscle and liver samples (0.5 g) were homogenized in 0.1% heptafluorobutyric acid (HFBA) (25 mL) for 15 s using a Polytron T25 Basic homogenizer (Labtek, Brendale, Australia). The homogenates were then chilled (4°C) for 20 min before being centrifuged at 4500 rpm for 20 min at 18°C. An aliquot of the supernatant (1 mL) was transferred to a 2 mL Eppendorf tube, spiked with the internal standard D 3 -L-indospicine and vortexed for 10 s. A portion of the spiked supernatant was then transferred into a pre-rinsed Amicon Ultra 0.5 mL, 3 K centrifugal filter (Merck, Millipore, Kilsyth, VIC, Australia), which was then centrifuged (10,000 rpm, 20 min) and the filtrate transferred into an autosampler vial for UHPLC-MS/MS analysis.
Indospicine UHPLC−MS/MS analysis was carried out using a Shimadzu Nexera X2 UHPLC system (Shimadzu, Rydalmere, NSW, Australia) and a Shimadzu LCMS-8050 triple quadrupole mass spectrometer with an electrospray ionization (ESI) source operated in the positive mode. Chromatographic separation was carried out on a 100 × 2.1 mm i.d., 1.7 μm, BEH C18 column (Waters, Rydalmere, NSW, Australia) at 35°C with 0.1% HFBA (v/v) Nitrogen was used as nebulizing gas set at 2.0 L/min and drying gas at 5.0 L/min, and compressed air was used as heating gas at 10.0 L/min. The collision energy for indospicine was set to −23.0 and −17.0 eV for the quantifier and the verifying SRM, respectively, and to −17.0 and −16.5 eV for the quantifier and the verifying SRM for D 3 -L-indospicine, respectively.
Solutions of synthesized indospicine (external standard, 0.002-2 mg/L) and D 3 -L-indospicine (internal standard, 1 mg/L) in H 2 O with 0.1% HFBA were prepared and used in UPLC−MS/MS quantitation.
Liver histopathology
Liver samples from all animals with measured levels of ≥1 mg indospicine/kg in liver and/or muscle tissue were examined microscopically. The corresponding formalin-fixed liver samples were processed and haematoxilyn and eosin stained sections prepared. Suitable formalin-fixed liver samples from corresponding consignments with no detectable indospicine residues were also included for comparison. In instances where it was not possible to find matching control liver samples (indospicine residue levels <LOQ) within a consignment, control liver tissues from the same property but from a different consignment collected in the same season were used. All formalin-fixed liver samples were examined by the same pathologist without any knowledge of the residue status of the animals and any changes indicative of indospicine toxicosis, or any other histopathological changes, recorded.
Statistical analysis
T-tests were performed within Excel [T.TEST(Array 1, Array 2,2,3), two tailed t-test for samples with unequal variance] to compare tissue residues in the March-July (autumn) period with those in August-November (spring) period. Comparisons were done for liver and muscle separately, and then also combined (for all tissues).
Risk analysis
@Risk modelling software (version 7.52, Palisade, Sydney, Australia) was employed to assess the measured indospicine levels in both liver and muscle and to predict the likelihood of significant indospicine residues being present in slaughtered cattle. Probabilistic exposure to indospicine of the general population of Australia was assessed using a comparison between collections across different seasons from both the Kimberley and Pilbara Regions and the south west of the state.
In order to carry out this assessment, those sets of distribution data with concentrations below the UPLC−MS/MS limit of quantitation (LOQ = 0.05 mg/kg) were substituted with 0.025 mg/kg, while those concentrations lower than the limit of detection (LOD = 0.025 mg/kg) were treated as one-half of this LOD value (enHealth Council, 2012) . A fit parametric model of indospicine probability distribution in meat/ liver was plotted based on the actual indospicine concentrations in the collected samples (enHealth Council, 2012) . The distribution was derived by using indospicine concentrations above the LOQ to extrapolate G. Netzel, et al. Toxicon 163 (2019) 48-58 and estimate indospicine concentrations below the LOQ in meat/liver samples. A series of fit distributions were generated by setting a lower limit bound at zero and an upper limit with an unsure bound. All 19 distributions recommended by the @Risk software were selected and assessed using a bootstrap of 10,000 re-samples distribution with 95% confidence level. Selection of a best fitting curve for the fit parametric model was based on the Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), Anderson-Darling Statistic (A-D) and Kolmogorov-Smirnov Statistics (K-S). Both re-sample and parametric distributions were carried out using @RISK software version 7.52 integrated with Microsoft Excel to compare the estimated risk of using different approaches to risk assessment. The distributions of indospicine in both muscle and liver samples enabled estimates of ninety-fifth percentile (P95) and seventy-fifth percentile (P75) indospicine concentrations which were then employed to further assess the indospicine exposure of all Australians based on their estimated daily meat intakes (ABARES, 2017; ABS, 2014; Wong et al., 2015) .
Derivation of tolerable daily intake for indospicine in meat
There is limited reported data available on which to estimate tolerable daily intake. The only published liver histopathological data relates to dogs fed a diet of known indospicine content either from naturally contaminated meat (Hegarty et al., 1988) or meat dosed with pure indospicine (Kelly et al., 1992) . This information was used to derive a provisional tolerable daily intake (PTDI) for humans.
Estimation of dietary intake by Australian consumers
Survey data on average daily meat consumption published online by the Australian Bureau of Statistics (ABS, 2014) was used to determine the total daily beef consumption by average Australians.
Results
Sample collections
Liver and muscle samples were collected from a total of 1416 animals during the survey period with 716 animals originating from the Kimberley Region, 60 from the Pilbara Region and 640 from the South West and South Coast Regions. The number of consignments and properties collected are shown in Table 1 , and the geographical distribution of the properties from where animals originated in the Kimberley and Pilbara Regions is shown in Fig. 4 . This figure also shows the number of consignments collected from the same properties in any one season in these regions. Properties sampled in the South West and South Coast Regions were distributed throughout these regions from just south of Perth, right around the coast, to east of Esperance. Only one property in the south west of the state was sampled more than once during the same season (i.e. two consignments sampled). Several properties from the Kimberley Region and four properties from the south west were re-sampled in different seasons or years.
Indospicine residue levels in all samples
Tissue residues of indospicine were not detected in either muscle or liver of any cattle sampled from south west properties during this survey. In contrast to this, indospicine residues were present in more than 60% of all animals from Kimberley/Pilbara properties (Table 1) . Muscle and liver indospicine levels were measured on a fresh weight (FW) basis, and ranged from less than the LOQ (0.05 mg/kg) to 3.63 mg/kg FW. Residues were found mainly in liver samples, but were also present in muscle in more than one third of the animals from the northern regions (Table 1 ). The @Risk program was utilized to calculate best fit probability distributions for the 776 paired samples of muscle and liver from animals originating from Kimberley/Pilbara properties during the survey period (Fig. 5) .
The @Risk best fit probability distributions (Fig. 5 ) enabled calculation of the P95 and P75 indospicine concentrations for both muscle and liver from the Kimberley/Pilbara collections as shown in Table 2 .
Indospicine residue levels across seasons
Muscle and liver samples collected from animals from the Kimberley and Pilbara Regions in the 'spring' (August to November) and 'autumn' (March to July) seasons provided four analysis data sets from which @ Risk probability profiles were calculated for muscle (Fig. 6 ) and liver ( Fig. 7) across the collection seasons. The @Risk best fit probability distributions (Figs. 6 and 7) enabled calculation of the P95 and P75 indospicine concentrations for both muscle and liver Kimberley/Pilbara collections in each season as shown in Table 3 . Notably higher P95 and P75 values were determined in autumn collections of both muscle and liver in comparison to comparable spring collections. Mean indospicine G. Netzel, et al. Toxicon 163 (2019) 48-58 concentrations in muscle and liver in autumn and spring were significantly different, with concentrations in autumn being greater (Table 4) . Seasonal impacts were not considered for South West and South Coast Region samples as none of these samples contained detectable indospicine levels regardless of season.
Indospicine residue levels on individual property basis
During the survey, it was noted that muscle/liver paired samples from some consignments of cattle contained proportionally more animals with quantifiable indospicine levels than other consignments. For example, four consignments from a single property in the western Kimberley in late autumn 2017 provided 59 paired muscle and liver samples of which most muscle and all liver contained detectable indospicine (up to 3.63 mg/kg). @Risk probability profiles for muscle and liver for these consignments alone demonstrated the substantially higher indospicine levels for both muscle and liver in these consignments (Fig. 8) , with the P95 and P75 indospicine concentrations for both muscle and liver from these consignments calculated as shown in Table 5 .
Liver histopathology
Liver histopathology examinations were conducted on formalinfixed liver samples in which LC-MS/MS measured indospicine residue levels in liver and/or corresponding muscle samples were ≥1 mg indospicine/kg, and compared with similar control liver samples. No liver samples collected in spring 2015 had indospicine residue levels ≥1 mg indospicine/kg, and consequently no formalin-fixed liver samples were examined in this period. In autumn 2016, four animals from four properties were determined to have indospicine residue levels ≥1 mg/ kg and histopathology examinations were conducted on the corresponding four formalin-fixed liver samples together with six matching control livers. Similarly in spring 2016, three livers from one property and three matching control livers were subjected to histopathology examination, and in autumn 2017 seventeen livers from four properties (seven consignments) and nine matching control livers were likewise examined.
Only minor histopathological changes were observed. One of the 18 control liver sections showed mild bile duct proliferation and fibrosis. The remaining livers had no significant changes. Of the 20 animals with ≥1 mg but <2 mg indospicine/kg in their muscle (5 animals) or liver (15 animals) tissues, five livers examined (including the liver from one animal with <1 mg indospicine/kg in liver, but ≥1 mg indospicine/kg in the muscle sample) had bile duct proliferation and fibrosis of varying severities. Both livers from animals with residue levels ≥2 mg but <3 mg indospicine/kg had no significant changes. Both livers from animals with residue levels ≥3 mg/kg also had no significant changes.
In summary, none of the observed histopathological changes could be attributed to indospicine toxicosis and it was considered likely that the mild changes of bile duct proliferation and fibrosis observed in some of the livers were due to other causes.
Discussion
In order to understand the significance of the measured indospicine levels in bovine muscle and liver from the Kimberley and Pilbara Regions, it is necessary to consider dietary intake, together with available toxicity data. Seasonal impacts can also be ascertained by comparing the substituted data sets for indospicine in bovine tissues collected at abattoir in each season from cattle originating from these regions.
Hazard identification and dose-response assessment -human
There are no reported studies available to afford epidemiological dose-response or even observational data pertaining to indospicine-induced adverse effects on humans through dietary exposure (or Fig. 4 . Map of the geographical distribution of Kimberley and Pilbara properties from which consignments of sampled cattle originated.
G. Netzel, et al. Toxicon 163 (2019) 48-58 otherwise). Dogs appear to be the most sensitive animal species, and the most substantial published data relates to thirteen different indospicine doses utilized in two dog feeding experiments conducted for between 4 and 70 days (Hegarty et al., 1988; Kelly et al., 1992) . Assessment of this data, leads to a suggested lowest observed adverse effect level (LOAEL) of 0.13 mg indospicine/kg bw/day based on the observation data of the 70-day sub-chronic animal feeding experiment in which only minor histological liver lesions were reported in four dogs fed diets containing between 0.13 and 0.25 mg indospicine/kg bw/day. In all four animals only mild degenerative changes confined to periacinar zones were reported, however in one of the dogs on the higher dose rate more severe lesions were noted with vacuolar degeneration of remaining periacinar hepatocytes. We have then derived a provisional tolerable daily intake (PTDI) for humans of 1.3 μg indospicine/kg bw/day as a guideline value by dividing this LOAEL for dogs by an uncertainty factor of 10, to take into account mild degenerative liver changes in low dose dogs in the 70-day feeding trial, supplemented by a factor of 10 to allow for intra species variation (enHealth Council, 2012) . It was not considered necessary to utilize any additional factor to account for inter species variation as human hepatocytes are less sensitive than canine hepatocytes (Fletcher, 2013) . Mean daily beef intake (all Australians, 2 years and over) data is available from Australian Health Surveys reported by the Australian Bureau of Statistics (ABS, 1999 (ABS, , 2014 , where results are presented as the raw commodity, i.e. the consumption of meat and offal on their own, and as ingredients in mixed food. Main sources of beef in the diet are unprocessed beef/veal and mixed dishes where beef/veal is the major component, with a total attributable to beef of 40.9 g per person/ day for all persons (ABS, 2014) . This represents 28.6% of the mean daily intake of 143 g per person/day for all meat (meat, poultry and game products and dishes) (ABS, 2014) .
Our calculations of estimated consumer exposure based on the P95 indospicine concentration determined in the Kimberley/Pilbara cattle muscle samples (Table 2) is given below. In estimating exposure on a body weight basis, the accepted figure of 70 kg is used as a lifetime average Australian male and female combined body weight (enHealth Council, 2012 ). Netzel, et al. Toxicon 163 (2019) This calculated consumer exposure (P95) for indospicine-contaminated muscle/beef of 0.32 μg/kg bw/day is then 4 times less than our calculated PTDI guideline value of 1.3 μg indospicine/kg bw/day.
A similar calculation can be undertaken for consumer exposure through indospicine-contaminated liver. Liver consumption per capita is however extremely low, with product in the category "Liver" consumed by only 0.1% of total ABS survey respondents (2 years and over) (ABS, 2014) . Mean consumption attributed as liver is 0.1 g per person/ day (with RSD of 46%). Given the high relative standard deviation, this figure can only be used with caution (ABS, 2014) . The proportion of this liver which is beef liver is unknown, but it is apparent that the dietary intake of beef liver is extremely low. The P95 indospicine concentration in the Kimberley/Pilbara cattle liver samples (0.77 mg/ kg FW) was higher than the corresponding muscle value (Table 2) , but given the low liver consumption it does not appear to contribute substantially to human indospicine exposure. Calculations of estimated consumer exposure (P95) with liver consumption of 0.1 g per person/ day provide a value of 0.001 μg indospicine/kg bw/day from indospicine-contaminated liver which is considerably less than our calculated PTDI guideline value of 1.3 μg indospicine/kg bw/day.
Seasonal considerations in regard to risk
The Kimberley Region experiences a high rainfall, tropical climate, in which 94% of the average annual 950 mm rainfall falls between November and April (CSIRO, 2009), a period during which properties in this region become largely inaccessible. I. linnaei has a known seasonal prevalence as one of the first plants to regrow at the start of the wet season (Gracie et al., 2010) , with associated new growth reported to contain higher indospicine levels (Tan et al., 2016b) . This seasonal plant variation, when combined with the known persistence of indospicine residues in cattle for several months after Indigofera intake (Fletcher et al., 2018) , was considered likely to impact on seasonal prevalence of bovine tissue residues at time of slaughter. For this reason muscle and liver samples collected from the Kimberley and Pilbara regions were nominally assigned to 'spring' (August to November) and 'autumn' (March to July) collections based on the date of slaughter at abattoir.
From results shown in Table 4 and depicted in Figs. 6 and 7, it is apparent that on average higher indospicine levels are present in both muscle and liver samples collected in autumn than in spring. Repeating the muscle exposure assessment with the P95 autumn value of 0.72 mg/ kg FW (Table 3) provides a higher estimated consumer exposure (P95) from indospicine-contaminated muscle of 0.42 μg indospicine/kg bw/ day but this is still 3 times less than our calculated PTDI guideline value of 1.3 μg indospicine/kg bw/day.
This observed decline in indospicine presence from autumn to G. Netzel, et al. Toxicon 163 (2019) [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] spring is consistent with the expected "high" indospicine exposure in pasture during early summer following early rains and associated new growth of I. linnaei, together with the greater abundance of Indigofera available for grazing during the wet season than during the dry season. It is however not possible from the collected data to estimate likely indospicine residues in bovine muscle should any animals be slaughtered during November to March (wet season) period.
Individual properties/consignments in regard to risk
In assessing the collected data it was apparent that consignments from some individual properties contained proportionally more animals with measurable indospicine levels. Utilising the data from one such property where all liver samples and most muscle samples contained detectable indospicine levels (Table 4) provides a higher estimated consumer exposure (P95) from indospicine-contaminated muscle of 1.79 μg indospicine/kg bw/day, a value which exceeds our calculated PTDI guideline value of 1.3 μg indospicine/kg bw/day. Such results do not necessarily imply any greater risk associated with specific properties, but do demonstrate the variability between consignments from the Kimberley and Pilbara Regions. Further on-property investigation would be required to establish the cause of this apparent higher risk in some consignments.
Hazard identification and dose-response assessment -canine
Similar assessments can also be conducted for canine dietary exposure to indospicine-contaminated meat. Dose-response assessments utilized in our human dietary comparison above were based on the reported 70-day canine feeding trials with no factor included for human/canine species differences, and as such a similar PTDI of 1.3 μg/ kg bw/day as a guideline value would also be calculated for canine exposure.
The assessment varies depending on dietary intake of beef which is generally higher in dogs than in human (on a bodyweight basis). Recommended dietary meat intake for dogs is approximately 2% bw for maintenance diet, with higher percentage intakes for small dogs (up to 6%) and puppies (up to 10%) (Instinct, 2014) . The Code of Welfare for Australian Livestock Working Dogs recommends daily intakes up to 3 times maintenance diets (or 6% bw) for dogs and bitches in work and breeding (WKC, 2012) , and the risk of indospicine exposure is calculated here for the particular scenario of an active working dog on a Netzel, et al. Toxicon 163 (2019) 48-58 property where beef represents the sole meat intake. This calculation is based on an Australian Cattle Dog of average bodyweight of 21 kg (Macarthur Veterinary Group, 2018) and a dietary meat intake of 6% bw (equal to 1.26 kg/day) as suggested for working dogs under heavy exercise (WKC, 2012) , combined with the P95 indospicine concentration determined in the Kimberley/Pilbara collected muscle samples (0.54 mg/kg FW). Under this scenario, the estimated canine exposure (P95) is 32 μg indospicine/kg bw/day which considerably exceeds the calculated PTDI value of 1.3 μg/kg bw/day. It is however worth noting that in some seasons and in particular cattle consignments in the current survey, our analysis determined proportionally more animals with quantifiable and higher indospicine levels than in other consignments. For example, muscle samples from cattle originating from a single property in the western Kimberley in late autumn 2017 had a P95 indospicine concentration of 2.56 mg/kg (Table 5 ). For these consignments canine exposure risk is higher and calculations suggest that the estimated canine exposure (P95) would be 154 μg indospicine/kg bw/ day which is almost 120 times higher than our PTDI, and would in fact exceed the lowest dose in the 70-day feeding trial which resulted in mild liver degeneration (Hegarty et al., 1988) . It is clear from this calculation that canines should be regarded as the highest risk consumer group, particularly when consuming meat from a single source on a property over an extended period. The considerations of varied meat sources and seasonal impacts are even more important for dogs due to their greater beef consumption on a per kg bodyweight basis. G. Netzel, et al. Toxicon 163 (2019) 48-58 
Alternate risk scenarios
This report presents an estimated consumer exposure based on measured indospicine levels in beef muscle (and liver) collected at abattoir from cattle originating from the Kimberley and Pilbara Regions of Western Australia across nominal autumn and spring seasons during 2015-2017. Calculations based on the estimated 95th percentile indospicine concentration in beef (and liver), together with the mean Australian consumer beef consumption, demonstrated that indospicine exposure to the general population is below our guidance value (PTDI) of 1.3 μg indospicine/kg bw/day derived from low-level hepatotoxicity observed in a 70-day feeding trial in dogs. In considering this assessment it is however necessary to contemplate scenarios where this risk might be increased and/or decreased.
Consumption of a varied meat source diet has obvious impacts on risk outcome. In reported canine-poisoning cases (FitzGerald et al., 2011; Hegarty et al., 1988) , affected dogs were fed a mono-source diet of indospicine-contaminated meat for extended periods of up to several months. These dogs accumulated indospicine in their tissues, with resultant liver toxicosis only apparent after this prolonged exposure. The typical Australian consumer eats a varied diet including meat from a range of species (beef, sheep, pig, poultry, etc) and the average consumer would be highly unlikely to consume beef as a sole meat intake over an extended period of time, let alone beef from a single source. This difference in dietary habit greatly reduces the prospects of indospicine dietary impacts in humans within the general public. However it can be envisaged that cattle slaughtered and consumed as the sole meat source on an individual property could increase this risk.
Abattoir samples collected in this survey were only collected in the autumn/spring months from March to November, as per normal commercial practice. However the greatest exposure of grazing livestock in the Kimberley/Pilbara region to indospicine in I. linnaei is likely to be in the wet season (November-March) following fresh Indigofera growth after early summer rains in November. As a consequence bovine tissue residues in November to March may well be considerably above those measured in this study in cattle slaughtered at abattoir in March to July (autumn) and August to November (spring). Elevated summer residues however do not necessarily represent a consumer risk unless cattle are slaughtered at this time. High bovine indospicine tissue levels in summer would be expected to deplete over time as seen in feeding trials (Fletcher et al., 2018) and as reflected in the higher autumn than spring values determined in the current abattoir survey. If cattle were slaughtered in the wet season (summer), a higher estimated indospicine (P95) content would be expected and consumption of their meat could plausibly exceed our PTDI of 1.3 μg indospicine/kg bw/day. If such meat was also consumed as a sole meat source for extended time periods this would greatly compound this effect.
The length of time between cattle grazing pasture containing Indigofera and slaughter is also an important factor in exposure risk considerations. Cattle feeding trials have demonstrated that tissue indospicine levels do deplete once Indigofera intake is ceased, with an estimated half-life in muscle of 31 days (Fletcher et al., 2018) . The exposure risk to the consumer would be reduced by allowing animals to be fed or graze Indigofera-free pasture for a period before slaughter.
This risk assessment has addressed the risk of indospicine for the Australian population, but Indigofera plants with high levels of indospicine are not restricted to Australia, and a similar situation could well exist in other regions where these plants occur. The native range of I. linnaei for example extends from Sudan through tropical Asia to Australia, and similar high indospicine levels are also found in I. lespedezioides, a species with extensive native range in South America (POWO, 2019) . Other species of concern like I. spicata, and the closely related I. hendecaphylla (Du Puy et al., 1993) , have a more augmented range due to widespread intentional introduction of these palatable pasture legumes prior to the recognition of Indigofera toxicity in the 1950s (Nordfeldt et al., 1952) . As a result, these particular species occur widely across Africa, Asia, Australia, the Americas, and islands of both the Pacific and Indian Oceans (POWO, 2019) . It should therefore be considered that cattle grazing Indigofera in any of these tropical regions may have an as yet unrecognized propensity to accumulate comparable levels of indospicine in their meat, with similar local risk if meat from these animals is consumed as a sole meat source by either human or canine populations.
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